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Edited by Vladimir SkulachevAbstract This study was designed to investigate changes in
gene expression associated with stage-speciﬁc programmed cell
death (PCD) in intersegmental muscles (ISMs) of the moth,
Manduca sexta. The technique of diﬀerential display reverse
transcription PCR was applied to compare mRNA levels before
and after the onset of PCD in ISMs. Expression of E75B tran-
scription factor was repressed while another factor, bFTZ-F1,
stayed at a very low level. However, gene coding for a transla-
tion-initiation factor (eIF1A) was upregulated. Expression of
these genes had not been previously reported to be altered in dy-
ing ISMs. An ecdysteroid agonist, RH-5849, that prevented
PCD in ISMs also blocked these changes.
 2005 Published by Elsevier B.V. on behalf of the Federation of
European Biochemical Societies.
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During the past few years, considerable insight has been
gained into the molecular mechanisms that regulate cell death
[1]. One system that has proven to be very useful for the bio-
chemical and molecular analysis of programmed cell death
(PCD) is the intersegmental muscle (ISM) of tobacco horn-
worm (Manduca sexta) [2,3]. ISMs are retained until 3 days be-
fore adult eclosion at which point they begin to atrophy as a
result of a decline in the circulating titre of the insect moulting
hormone, 20-hydroxyecdysone (20E). A further decline in 20E
level just before emergence commits the ISMs to die during the
36 h following adult eclosion. 20E appears to be solely in-
volved in determining the timing of atrophy and degeneration
[4]. The commitment of the ISMs to die is correlated with the
repression and activation of several genes. The repressed genes
include actin, myosin heavy chain [5], and the 28.1 kDa sub-
unit of the 20S proteasome [6]. Some of the genes that are dra-
matically upregulated during the same period have been cloned
and identiﬁed as encoding polyubiquitin [7], 26S proteasome
subunits [8,9], apolipoprotein III [10], and a novel leucine-rich
repeat motif protein [11]. The aim of present study was to iden-Abbreviations: PCD, programmed cell death; ISM, abdominal inter-
segmental muscles; eIF1A, eukaryotic initiation factor 1A; E75B,
orphan nuclear receptor; 20E, 20-hydroxyecdysone; aa, amino acid;
DDRT-PCR, diﬀerential display reverse transcription polymerase
chain reaction
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mental muscle of Manduca using the diﬀerential display
reverse transcription PCR method. We also investigated the
mRNA expression pattern of Manduca homologue of PCD
regulating Drosophila gene in order to obtain clues on the pos-
sible mechanism of molecular control of PCD in ISMs.2. Materials and methods
2.1. Animals
Tobacco hornworms, M. sexta (L.) (Lepidoptera; Sphingidae) were
reared at 25 C, under a 17 h light–7 h dark photoperiod, on a wheat
germ-basedartiﬁcial diet using standardprocedures [12].Diﬀerent stages
of pharate adult development were recognised by a staging scheme
adapted from that of Schwartz and Truman [4] and described fully by
Samuels and Reynolds [13]. Brieﬂy, stages of development mentioned
in this paper are as follows: pharate adult stage 0: greater than 100 h be-
fore eclosion, pharate adult stage 7: about 6 h before eclosion.
2.2. Experimental treatments and tissue sampling
The ecdysteroid agonist RH-5849 (kindly given by Dr G. Carlson,
Rohm and Haas Co., Spring House, PA, USA) was injected (10 lg
in 10 ll of ethanol) into the lateral dorsal thorax of the pupae using
a Hamilton syringe with ﬁxed 28 swg needle. Control insects received
10 ll ethanol alone. In all experiments, animals were rapidly dissected
under a simple insect saline solution [14], and the lateral ISMs and
ﬂight muscles were removed free of all adhering tissue. Tissue samples
were immediately frozen on a metal surface cooled with liquid nitro-
gen, and stored at 70 C until needed.
2.3. Diﬀerential display
The frozen ISM samples of 10 pupae of each stages and controls
were homogenized with Polytron in Tri Reagent (Sigma). Total
RNA was isolated according to manufacturers recommendations.
Diﬀerential display reverse transcription polymerase chain reaction
(DDRT-PCR) was performed according to Liang and Pardee [15]
with minor modiﬁcations. A degenerate anchored oligo-dT primer
(T12VA, T12VC, T12VG or T12VT; where V represents dA, dC or
dG) was annealed to 5 lg of total RNA selecting poly(A)+mRNAs
from them. mRNA reverse transcription was then performed at
37 C for 1 h using 1000 U of Moloney-murine-leukaemia virus re-
verse transcriptase (M-MLV, GibcoBRL) in 100 ll reaction solution.
Reverse transcription reaction products (2 ll) were ampliﬁed by
PCR in the presence of the anchored primer and one arbitrary dec-
anucleotide primer (see Table 1) for 40 cycles (94 C, 30 s; 40 C,
2 min; 72 C, 30 s) and further extended for 5 min at 72 C. Practi-
cally the whole mRNA population could be ampliﬁed by the possi-
ble 80 pairwise combinations (4 anchor and 20 arbitrary primers).
PCR products were separated on a 6% w/v non-denaturing poly-
acrylamide gel and visualized by silver staining.
2.4. Cloning
Bands of interest were cut out of the dried gel. The DNA was al-
lowed to diﬀuse out by incubating the gel slice in 100 ll of double-dis-
tilled water at 100 C for 15 min, followed by ethanol precipitationation of European Biochemical Societies.
Table 1
Names and nucleotide sequences of arbitrary primers used in PCR
reactions
Name Sequence (5 0 ﬁ 3 0)
1 GAGGCCCTTC
2 TGCCGAGCTG
3 AGTCAGCCAC
4 AATCGGGCTG
5 AGGGGTCTTG
6 GGTCCCTGAC
7 GAAACGGGTG
8 GTGACGTAGG
9 GGGTAACGCC
10 GTGATCGCAG
11 CAATCGCCGT
12 TCGGCGATAG
13 CAGCACCCAC
14 TCTGTGCTGG
15 TTCCGAACCC
16 AGCCAGCGAA
17 GACCGCTTGT
18 AGGTGACCGT
19 CAAACGTCGG
20 GTTGCGATCC
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using the corresponding 10-oligomer and anchored oligo-dT primer
combination. Thermal cycle parameters were the same as those in
the ﬁrst PCR.
The re-ampliﬁed DNA was ligated into a Bluescript SK II plasmid
digested with EcoRV endonuclease and tagged with a T at the 3 0-
end. INVa Escherichia coli bacterium strains allowing blue-white selec-
tion were transformed with the ligated constructs.
Insert DNA sequences of the plasmid clones were determined by
automated sequencing (ABI PRISM 310, PE Applied Biosystems)
using the dye terminator cycle sequencing method (BigDye Kit 3.1,
Perkin–Elmer). All sequences were compared with the non-redundant
GenBank/EMBL database using BLAST [16] and FASTA [17] soft-
wares in Biology Workbench 3.2.
For Northern hybridisations of Manduca bFTZ-F1 [18], a PCR
fragment corresponding to the highly conserved DNA-binding domain
and the bFTZ-F1 box regions was generated by combining a 5 0-
GGACGTGATCGAGGAACTGT-3 0 primer with a 5 0-GACCAC-
CATCACCGAGAGAG-3 0 primer using genomic DNA. The resulting
368 bp PCR fragment was cloned into a Bluescript SK II plasmid as
described above.
2.5. Northern blot analysis
20 lg of total RNA extracted from intersegmental and ﬂight muscles
of diﬀerent stages was fractionated on a 1% denaturing formaldehyde–
agarose gel, transferred onto a nylon membrane (Hybond-N, Amer-
sham Biosciences International), cross-linked in oven at 80 C for
2 h, and sequentially probed and stripped to detect E75B, eIF1A and
bFTZ-F1 mRNAs. The hybridisations were performed at 65 C for
16 h in Rapid-Hyb Buﬀer (Amersham Biosciences International).
cDNA probes were prepared with [a-32P] dATP (3000 Ci/mmol, Izoto´p
Inte´zet Kft., Budapest, Hungary) by PCR using the corresponding
plasmid minipreps as templates with T3 and T7 primers. Membranes
were washed once with 2· SSC, 0.1% (w/v) SDS at room temperature
for 20 min and twice with 0.1· SSC, 0.1% (w/v) SDS at 65 C for
15 min then exposed to X-ray ﬁlm (Hyperﬁlm MP, Amersham Biosci-
ences International) with intensifying screens at 70 C for 5–7 days.3. Results
3.1. Diﬀerentially expressed genes during muscle death
Using a previously characterized animal model of PCD, we
have searched for genes whose expression changed in muscleundergoing atrophy by using the DDRT-PCR technique.
cDNA was prepared corresponding to mRNA fragments of
the ISM before the onset of cell death (stage 0), and compared
with cDNA corresponding to mRNA fragments of the muscles
at the end of the process (stage 7, for more details about devel-
opmental stages; see Section 2). Two types of control were
used. As a positive control, a group of animals were injected
at stage 3 (about 80 h before eclosion) with the insect moulting
hormone agonist, RH-5849 [19] to delay the timing of ISM
death. Negative control animals were injected at the same stage
with ethanol only. Muscles of both control animals were har-
vested at the same time, when negative control animals reached
stage 7.
For the primary screening, a total of 320 reactions were
performed using 20 diﬀerent random 10-oligomer primers
(Table 1) in combination with four anchored primers
(T12VA, T12VC, T12VG or T12VT) on four muscle samples
(St 0, St 7, control and RH-5849 treated). 9 disappearing
and 29 appearing bands were observed on non-denaturing
gels. However, among the 38 diﬀerentially expressed bands,
only 8 were conﬁrmed as positive after re-ampliﬁcation with
the corresponding primer combination. Finally we isolated
six fragments with the following length: A3 (275 bp), A4
(366 bp), A11 (130 bp), C6 (437 bp), G2 (306 bp), G5
(236 bp). After cloning and sequencing database searching
revealed that two of them shared high homology with genes
already known.
A3, a downregulating transcript was found to encode a
fragment of the Manduca homolog of the Drosophila orphan
nuclear receptor E75B [20]. A3 cDNA shows high sequence
identity with Manduca E75 gene (98%), as well as signiﬁcant
homology to lepidopteran E75 isoforms (76–73%) (Fig. 1A).
The deduced amino acid sequence of A3 shared even higher
homology (98–83%) with other orphan receptors [21–24]
(Fig. 1B).
A4 is an upregulating fragment, a part of which is comple-
mentary to the very end of the coding region of initiation fac-
tor mRNAs (Fig. 2A). Amino acid sequence comparison
shows 76% identity and 92% similarity with the C-terminal
25 aa of Drosophila initiation factor (DeIF1A) [25], and 56%
identity and 82% similarity with the corresponding Anopheles
protein fragment (GenBank Accession No.: AF164151)
(Fig. 2B).
The other sequences derived by DDRT-PCR from ISMs
may represent novel genes.3.2. Northern blot
At the end of the pupal stage, there was a dramatic decrease
in the level of E75B mRNA corresponding to our A3 probe
while the expression of E75B was kept high by pre-treatment
of RH-5849 (Fig. 3). Eukaryotic initiation factor 1A (eIF1A)
transcripts were barely detectable in the ISMs of St 0, but their
level increased dramatically at St 7 when ISMs were actively
dying. Treatment of the pupae with RH-5849 prevented this
normal increase in eIF1A transcript level (Fig. 4A). In ﬂight
muscles, eIF1A transcript level was high at St 0 when this or-
gan builds up, however, it decreased to a low level at St 7 when
the ﬂight muscle ﬁbres were already completely formed
(Fig. 4B).
Expression levels of genes examined in stage 0 samples corre-
sponded to levels in RH-5849 treated ones and in stage 7 sam-
Fig. 2. Sequence analysis of fragment A4 and its comparison with other eIF1A initiation factors. (A) Inferred amino acid sequence of fragment A4.
% stands for stop codons, the ﬁrst 25 amino acids of the sequence (probably the last amino acids of the protein coded by the corresponding mRNA)
are typed in bold letters. (B) Amino acid sequence alignment of fragment A4 with corresponding proteins of Drosophila melanogaster and Anopheles
gambiae. Identical or similar amino acids are typed in bold letters; percentages of identity (similarity) are shown at the end of each sequence.
Fig. 1. Sequence analysis of fragment A3 and its comparison with other E75 orphan receptors. (A) DNA sequence alignment of fragment A3,
Manduca sexta E75, Bombyx mori E75A, B and C, Galleria mellonella E75 and Choristoneura fumiferana E75. (B) Inferred amino acid sequence
alignment of fragment A3 with corresponding proteins. Percentages of identity are shown at the end of each cDNA or protein sequence. %, single,
fully conserved residue in all sequences; :, conservation of strong groups; ., conservation of weak groups; no mark, no consensus.
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ferences observable between corresponding signals were due to
the ethanol applied as a solvent of RH-5849. Negative controls
were used to exclude unwanted eﬀects caused by the ethanol
alone. The hormone agonist treatment was successful since
there were signiﬁcant diﬀerences in mRNA levels between con-
trol and RH-5849 treated samples resembling the tendencies of
diﬀerences between stage 0 and 7 samples (Figs. 3 and 4).
We examined bFTZ-F1 transcription in the dying ISM. As
the sequence of the Manduca homolog of Drosophila bFTZ-
F1 was known [18], a speciﬁc probe was designed (see Section
2) to determine its expression. Strikingly, bFTZ-F1 mRNA
was undetectable in the ISM at stages 0–7 (not shown).
In all cases a single transcript was detected at all develop-
mental stages (Figs. 3 and 4).4. Discussion
4.1. Genes involved in PCD
In our experiments we used the abdominal intersegmental
muscles of metamorphosing pupae of M. sexta, which have
proved to be a useful model to study PCD [3]. In their original
studies, Lockshin and co-workers discovered that the develop-
mentally programmed death of ISMs ofManduca occurred via
autophagy [26,27]. The morphology of degeneration has been
documented but the mechanisms remained unclear. Their re-
sults indicate that autophagy is responsible for the selective
destruction of organized sarcoplasmic structures. The dissolu-
tion of myoﬁlaments appears to be independent of lysosomal
activity, they are destroyed by the cytosolic ubiquitin–protea-
some system [9,28–30]. Examination of mechanisms that
Fig. 3. Developmental expression of E75B mRNA in intersegmental
muscles (ISM) of Manduca sexta as determined by Northern blot
analysis. 20 lg of total RNA from ISM were loaded per lane. The
membrane was hybridized with radiolabelled E75B cDNA fragment
(A). 0, stage 0; 7, stage 7; C, control; R, RH-5849 treated ISM samples.
Ethidium bromide staining of 18S rRNA indicating loading is shown
at the bottom.
Fig. 4. Developmental expression of eIF1A mRNA in intersegmental
(ISM) and ﬂight muscles (FM) of Manduca sexta as determined by
Northern blot analysis. 20 lg of total RNA from ISM (A) or FM (B)
were loaded per lane. The membranes were hybridized with radiola-
belled eIF1A cDNA fragment. 0, stage 0; 7, stage 7; C, control; R, RH-
5849 treated ISM samples. Ethidium bromide staining of 18S rRNA
indicating loading is shown at the bottom.
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combined molecular, biochemical and genetic approach.
During Drosophilametamorphosis, the larval salivary glands
undergo cell death regulated by a hormonally induced tran-
scriptional cascade [31]. There have been two recent ap-
proaches to discover genes involved in this cell death [32,33].
One of them used serial analysis of gene expression examining
wild-type patterns of gene expression in three predeath stages
of salivary glands. 1244 transcripts, including genes involved
in autophagy, defence response, cytoskeleton remodelling,
non-caspase proteolysis, and apoptosis, were expressed diﬀer-
entially prior to salivary gland death. Among others, they de-
tected the already described ecdysone-induced genes (e.g.,
E75), and they found lysosomal components with upregulated
transcripts [32].
In the other analysis, the authors used microarrays repre-
senting nearly the entire Drosophila genome to identify genes
that are associated with apoptotic and autophagic cell death
in larval salivary glands [33]. They identiﬁed 932 gene tran-
scripts that either decreased or increased 5-fold or greater in
RNA level. Several 20E-regulated genes, including E75B, are
induced in dying salivary gland samples. Salivary glands ap-
pear to utilize caspases for degradation [33].
Weeks [34] used suppressive subtractive hybridization (SSH)
technique to seek for mRNAs that are diﬀerentially expressedin abdominal proleg muscles of Manduca. They found more
than 400 candidates; 54 of them were unique sequences match-
ing annotated genes in the Drosophila genome. Their investiga-
tion seems to be parallel to our approach. However, they did
not mention the genes that we found to be involved in PCD.4.2. E75B and bFTZ-F1
Insect genes E75B and bFTZ-F1 encode orphan members of
the nuclear receptor superfamily and they are induced by 20E
in a stage-speciﬁc manner at the onset of metamorphosis [35].
The induction of these orphan nuclear receptors in early and
mid-prepupae indicates that puparium formation has been
achieved and that responses to the next ecdysone pulse should
be distinct from responses to the last one. In this manner,
cross-regulation between E75 and bFTZ-F1 ensures that devel-
opment progresses forward in response to the repetitive hor-
monal signal, reﬁning this signal into distinct stage-speciﬁc
biological pathways [36].
We found that there was a dramatic decrease in the level of
E75B mRNA at the end of the pupal stage. This is the regula-
tory step in gene cascade of Drosophila salivary gland that
determines further activation of cell death genes [37]. Although
expression of E75B declined in ISMs preparing to die, we
could not detect bFTZ-F1 mRNA. Since the complete regres-
sion of ISM is triggered by the decline of the last ecdysone
peak during the metamorphosis, perhaps there is no need for
the time switch function of bFTZ-F1, so that it is either not
transcribed in ISMs at this stage or only at a very low level.
There is no data available on other organs of Manduca or of
other species from the pupal stage to compare with our obser-
vation. Nevertheless, transcriptional activity proﬁle of E75B
gene in late pupal stage ofManduca ISM is very similar to that
of the salivary gland in prepupae of Drosophila [37].
Dying Drosophila larval salivary gland cell nuclei become
permeable to the vital dye acridine orange and their DNA
undergoes fragmentation, indicative of apoptosis. Further-
more, the histolysis of these tissues can be inhibited by ectopic
expression of the baculovirus anti-apoptotic protein p35,
implicating a role for caspases in the death response. In addi-
tion, the diap2 anti-cell death gene is repressed in larval sali-
vary glands as Drosophila death genes reaper (rpr) and head
involution defective (hid) are induced by high levels of E75B
transcription factor (among others) [38]. In Manduca ISM
when expression of mE75B declines it is possible that anti-
apoptotic genes remain active.4.3. eIF1A
The initiation phase of protein synthesis in eukaryotic cells is
promoted by a large number of proteins called initiation fac-
tors. Eukaryotic initiation factor 1A (eIF1A, formerly eIF-
4C) and the GTPase eIF5B are the only universally conserved
translation-initiation factors [39]. Protein synthesis is required
for completion of PCD and the activation of an initiation fac-
tor may be important to increase translation activity to match
the raised protein requirement in actively degrading tissues.
Tsuzuki et al. [40] found several novel genes that were acti-
vated in vitro by 20E during PCD in the silk gland of Bombyx
mori. One of them codes for a protein showing homology with
the translation-initiation-factor eIF3 p40 subunit. Gorski et al.
[32] conﬁrmed that programmed cell death in the salivary
glands of Drosophila, though a degradative cellular process, re-
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tion of several translation-initiation factors.
According to our results, the level of eIF1A transcripts in-
creased dramatically at stage 7 when ISMs were actively dying
(Fig. 4A). This indicates that this type of cell death needs
newly synthesizedproteins (enzymes and/or regulatory proteins)
during the degradation process. Upregulation of proteins of
the ubiquitin–proteasome degradation system has also been
observed [7–9]. To maintain the requirement for protein syn-
thesis the cell nucleus and the transcriptional and translational
apparatus remain intact until the very end of the death process.
We used ﬂight muscles of developing Manduca pupae as an
intrinsic control. These muscles are actively developing at the
same time as the ISMs are being degraded. In ﬂight muscles
eIF1A transcript level was high at stage 0 when this organ
was building up and needed much new protein. However, it de-
creased to a low level at stage 7 when ﬂight muscle ﬁbres were
already completely formed (Fig. 4B).5. Conclusion
In our experiments we employed the abdominal interseg-
mental muscles (ISMs) of metamorphosing pupae of M. sexta
as a model to study PCD. We used diﬀerential display reverse
transcription PCR (DDRT-PCR) to reveal genes that were in-
volved in the PCD pathway in ISMs of developing pupae of
M. sexta. We found several genes changing activities during
the process, thereby taking part in cell death of ISM either reg-
ulating or executing it.
Two genes have been successfully identiﬁed. One of them is a
moulting hormone (20E) responsive gene, Manduca homolog
of Drosophila E75B coding for a transcription factor the
mRNA level of which decreased when the ISMs become com-
mitted to die. In Drosophila the decline of E75B level permits
the expression of another transcription factor bFTZ-F1, which
has a stage-speciﬁc time switch function for other genes in the
cascade. However, we could not detect the transcription of
Manduca homolog of Drosophila bFTZ-F1 during PCD of
ISM which suggests that this cell death might be regulated
on a diﬀerent pathway.
The other gene coding for a translation-initiation factor
(eIF1A) is upregulated, which conﬁrms that even though most
of the proteins are degraded new protein synthesis is also re-
quired for this type of PCD.
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